Tuberous sclerosis complex (TSC), caused by loss-of-function mutations in the TSC1 or TSC2 genes, is an autosomal dominant disease characterized by benign tumor formation in multiple organs. Hyperactivation of mammalian target of rapamycin (mTOR) is the primary alteration underlying TSC tumor. Thus, rapamycin, as an mTOR specific inhibitor, has been assumed as a potential drug for the treatment of TSC. However, its application in TSC patients has been limited due to side effects. By analyzing Tsc1-or Tsc2-null mouse embryonic fibroblasts (MEFs), we found that loss of TSC1 or TSC2 led to a decreased sensitivity to MK-2206, a novel allosteric Akt inhibitor. Ectopic expression of a constitutively activated Akt (myristoylated Akt-1, myrAkt-1) sensitized Tsc2-null and Tsc1-null MEFs to MK-2206. Furthermore, MK-2206 increased the cytotoxicity of rapamycin in Tsc1 -/-or Tsc2 -/-MEFs. Moreover, the benefit of the combinatorial treatment was also demonstrated in a TSC xenograft mouse model. We conclude that the combination of rapamycin and MK-2206 may be utilized as a new therapeutic regimen for TSC.
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by benign tumor formation in multiple organs such as kidney, liver, brain and skin; there is no treatment available to date beyond the alleviation of its symptoms [1] [2] [3] . Genetically, TSC is caused by loss-of-function mutations of one of the two tumor suppressor genes: TSC1 and TSC2 [4] [5] [6] . TSC1 located at 9q34 and TSC2 located at 16p13 encode protein hamartin and tuberin, respectively [7, 8] . The two proteins function in an interdependent manner in a stable complex [9] . The TSC1/2 (TSC1/TSC2) heterodimer acts as a brake bridging upstream Akt and downstream mammalian target of rapamycin (mTOR). Akt activation phosphorylates TSC2 which disrupts the association of the TSC1/TSC2 protein complex within the membrane; The TSC1/TSC2 complex is required for GAP function of the RAS homolog enriched in brain (Rheb)-GTP [10, 11] . Loss-of-function mutation in either TSC1 or TSC2 results in the accumulation of Rheb-GTP, which in turn activates mTOR [12] . Aberrant mTOR-activated signaling leads to uncontrolled cell growth and tumorigenesis in TSC.
The mTOR protein is a serine/threonine protein kinase consisting of rapamycin-sensitive complex
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International Publisher (mTORC1) and rapamycin-insensitive multimeric complex (mTORC2) [13] [14] [15] . The mTORC1 complex is composed of mTOR, Raptor and PRAS40; mTORC1 phosphorylates and activates its downstream targets S6 kinase1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1(eIF4E-BP1) [3, 16, 17] . The activated S6K1 phosphorylates ribosomal protein S6 (RpS6), and promotes protein translation. Activated eIF4E-BP1 can no longer bind and inhibit eIF4E. These molecules play distinctly to promote translation initiation [18] . The mTORC2 complex is comprised of mTOR, Rictor, Sen1, and Raptor; mTORC2 phosphorylates Akt at Ser 473 [15] . Loss of the TSC1/TSC2 complex leads to Akt suppression and its activity is rapidly reversed by rapamycin, an inhibitor of mTORC1. Therefore, rapamycin had been anticipated to be effective in the treatment of TSC patients in recent years, but it has only demonstrated modest clinical efficiency [19] . Moreover, rapamycin treatment can induce significant side effects, including chronic immunosuppression and associated opportunistic infections, which makes the long-term treatment less feasibility. Thus, development of a novel and effective therapeutic approaches are urgently needed.
MK-2206 is a selective Akt inhibitor that binds to the Akt protein at a site in the pleckstrin homology domain, leading to a Akt conformational change that prevents its localization to the plasma membrane and its subsequent activation [20] . MK-2206 has been examined in both preclinical settings and clinical trials as an anticancer agent that can synergistically enhance the antitumor efficacy of certain molecular targeted agents in preclinical animal models of lung cancer, ovarian cancer and breast cancer [21] [22] [23] .
In this study, we investigated whether Akt inhibition increased the sensitivity of Tsc-deficient MEFs to rapamycin. A synergistic effect was detected using a combination of MK-2206 in vitro and rapamycin through MTT analysis and apoptosis. A significantly increased antitumor growth effect was observed in vivo when treating a TSC xenograft mouse model with the combination of MK-2206 and rapamycin. We provided evidence that a combination of drugs that target both Akt and mTOR sheds light on a new therapeutic tactic warranting clinical investigation for treating patients with TSC or other related cancers. 
Materials and Methods

Reagents and antibodies
Cell culture
Immortalized Tsc1 +/+ , Tsc1 -/-, Tsc2 +/+ and Tsc2 -/-MEFs (mouse embryonic fibroblasts) used in this study were described previously [6, 24] . All cells were cultured in DMEM containing 10% FBS in a humidified atmosphere of 5% CO2 at 37℃. MyrAkt-1 (myristoylated Akt-1) expression plasmids were contransfected with lipofectamine 2000 into wildtype MEF lines. Cells were harvested and proteins were isolated two days later for western blot analysis.
Western blot analysis
After being washed in PBS, cells were harvested using RIPA buffer (Beyotime Biotechnology, Haimen, China), boiled for 5 minutes. Total protein were separated on SDS-PAGE and transferred to a PVDF membrane. After blockade with 5% non-fat dry milk in TBST (50 nM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 7.5) for 45 min at room temperature, membrane was incubated with the primary antibodies specific to p-Akt (1:1000), Akt-1 (1:1000), p-S6 (1:1000), Caspase-3 (1:1000) or S6 (1:1000) at 4℃ for overnight, and subsequent incubation with a secondary HRP-conjugated antibody (Santa Cruz Biotechnology) at 1:5000 dilution for 4 h at room temperature. An enhanced chemo-luminescence detection kit (ECL Advance, Amersham, UK) was employed and blots were exposed to X-ray film.
Cell proliferation assays
To assess the effects of rapamycin and MK-2206, MEFs were seeded in triplicate in 96-well plates at 4000 cells/well and incubated for 8 h. The medium was removed and replaced with fresh medium containing rapamycin, MK-2206 or both at various concentrations. At different time points, 10 µl MTT (5 mg/ml in PBS) was added to each well, followed by incubation at 37℃. The culture medium was removed and 100 µl dimethylsulfoxide (DMSO) was added to each well followed by shaking at room temperature for 10 min. The spectrometric absorbance at 490 nm was determined with a microplate reader (Thermo Scientific, Waltham, MA, USA). Data were presented as mean ± standard deviation (SD) of separate experiments (n≥3). The results of MTT assays represented the average of each individual experiment.
Induction of subcutaneous tumors in nude mice
BALB/c nude male mice (18-20 g, 6 weeks) were purchased from Vital River Laboratories Animal Technology (Beijing, China). All experiments involving animals follow the guidelines of the Animal Center of Anhui Medical University, and all animal experimental protocols were approved by the experimental Animal Ethical Committee of Anhui Medical University. For tumorigenicity assays, 4.0 × 10 6 Tsc1-null MEFs in 0.2 ml solvent control were injected subcutaneously near the axillary fossa of the nude mice. Three weeks later, when the tumor diameters reached 4.0 mm × 5.0 mm, the tumor cell-inoculated mice were randomly divided into four treatment groups with five mice per group. Group A were treated with solvent control; group B with 0.2mg/kg rapamycin (20 mg/ml stock in ethanol) diluted in 0.25% PEG plus 0.25% Tween-20 were given by intraperitoneal injection; Group C with 100mg/kg MK-2206 (14 mg/ml stock in DMSO) diluted in 0.25% PEG plus 0.25% Tween-20 were administered by oral gavage; group D with 0.2mg/kg rapamycin by intraperitoneal and 100mg/kg MK-2206 by intraperitoneal injection every day. Tumors were measured with a caliper every 2 days and the tumor volume were calculated using the formula V=1/2 (width 2 ×length); body weights were also recorded. On day 40 after tumor cell inoculation, all experimental mice were euthanized and the total weight of the tumors in each mouse was measured.
Statistical analysis
Data were expressed as mean ± SD. Results were analyzed by a one-or two-way ANOVA. If significance was found, post hoc Bonferroni multiple comparison was used. All statistical tests were conducted using SPSS 19.0 software package (IBM, Armonk, NY, USA) with p < 0.05 considered statistically significant.
Results
Tsc1/2-null MEFs present a low sensitivity to MK-2206
The MEFs with and without Tsc1/2 deficiency were treated with MK-2206 (a selective Akt inhibitor) for 36 h. The primary MEF cells and Tsc1/2-deficient MEF cells did not present morphological differences before treatment. However, 36 h after MK-2206 treatment, Tsc2 -/-- (Fig. 1A) and Tsc1 -/-- (Fig. 1B) deficient MEF cells presented a higher cellular viability as compared to primary cell lines.
The cell viability was quantified with an MTT cell survival assay. MK-2206 treatment decreased the cell viability in Tsc2 +/+ MEFs. A two-way ANOVA test revealed a significant effect of MK-2206 treatment (F (1, 16) = 255.86, P < 0.01), time course (F (3, 16) = 3.40, P < 0.05) and an interaction of treatment × time course (F (3, 16) = 52.65, P < 0.01). MK-2206 decreased the cell viability in Tsc2 -/-MEF cells. A two-way ANOVA test revealed a significant main effect of MK-2206 treatment (F (1, 16) = 18.85, P < 0.01), time course (F (3, 16) = 30.99, P < 0.01) and the interaction of treatment × time course (F (3, 16) = 3.38, P < 0.05). MK-2206 treatment presented a low effect on cell proliferation of Tsc2 -/-MEFs. A two-way ANOVA test revealed a significant main effect of cell type (F (1, 16) = 367.37, P < 0.01) and the interaction of cell type × time course (F (3, 16) = 54.42, P < 0.01). There was no difference in time course (F (3, 16) = 2.78, P = 0.08) (Fig. 1C) .
MK (Fig. 1D) . Western Blot assay showed that Tsc2 -/- (Fig. 1E) and Tsc1 -/- (Fig. 1F ) MEF cells presented a lower p-Akt expression comparted to primary MEF cells.
Overexpressing a constitutively active Akt-1 sensitizes Tsc2-null or Tsc1-null MEF cells to MK-2206
Because loss of TSC1 or TSC2 genes suppresses Akt activity (Fig. 1E and 1F ) and MK-2206 is a specific inhibitor of Akt, we speculated that deficiency of TSC1 or TSC2 could decrease MEFs sensitivity to MK-2206 due to the inhibition of Akt activity. Tsc1/2-null MEF cells were transfected with retroviral vectors to overexpress (myrAkt-1); Akt overexpression was confirmed by western blot analysis ( Figs. 2A and 2B) . Consistently, ectopic myrAkt-1 expression in Tsc2 -/-MEF cells (Fig. 2C) and Tsc1 -/-MEF cells (Fig. 2D) increased cell sensitivity to MK-2206. Increasing Akt-1 expression enhanced the sensitivity of Tsc2 -/-MEFs to MK-2206. A two-way ANOVA test revealed a significant effect of Akt-1 transfection (F (1, 16) = 75.92, P < 0.01), time course (F (3, 16) = 110.63, P < 0.01) and an interaction of Akt-1 transfection × time course (F (3, 16) = 22.29, P < 0.01) (Fig. 2E) . Consistently, an increase in Akt-1 expression enhanced the sensitivity of Tsc1 -/-MEFs to MK-2206. A two-way ANOVA test revealed a significant effect of Akt-1 transfection (F (1, 16) = 152.63, P < 0.01), time course (F (3, 16) = 29.54, P < 0.01) and an interaction of Akt-1 transfection × time course (F (3, 16) = 33.66, P < 0.01) (Fig. 2F ).
Combining rapamycin with MK-2206 significantly inhibits proliferation and induces apoptosis in Tsc2-null or Tsc1-null MEF cells
We examined whether the combination of rapamycin and MK-2206 would achieve a better inhibitory effect on the growth of Tsc2 -/-MEF cells. The combination of 2.0 nM rapamycin and 100 nM MK-2206 exerted a stronger inhibitory effect on the growth of Tsc2 -/-MEF cells than either compound alone (Fig. 3A) . Western blot analysis showed that MK-2206 treatment abolished the up-regulated Akt activity triggered by rapamycin (Fig. 3B ). Rapamycin and MK-2206 administered in combination similarly potentiated the cytotoxicity in Tsc1 -/-MEF cells (Fig.  3C) . The increased Akt activity induced by rapamycin was also attenuated by MK-2206 in Tsc1 -/-MEFs (Fig.  3D) . To assess the cell apoptosis of diminished signaling to Akt in MEFs lacking TSC2 and TSC1, we examined the expression of Caspase3, an indicator of cell apoptosis. In contrast to untreated cells, both Tsc2-null and Tsc1-null MEF lines demonstrated an increased expression of Caspase3 when given the two drugs in combination (Fig. 3B and 3D) . Combining rapamycin and MK-2206 significantly decreased the cell proliferation in Tsc2 -/-MEF cells (Fig. 3E) . A one-way ANOVA test revealed a significant difference (F (3.12) = 9.16, P < 0.01). Post hoc Bonferroni's multiple comparison analysis showed a significant difference between the control group and rapamycin and MK-2206 combination group (P < 0.01). Combination of rapamycin and MK-2206 significantly decreased the cell proliferation in Tsc1 -/-MEF cells (Fig. 3F) . A one-way ANOVA test revealed a significant difference (F (3.12) = 23.11, P < 0.01). Post hoc Bonferroni's multiple comparison showed a significant difference between the control group and rapamycin and MK-2206 combination group (P < 0.01). 
MK-2206 enhances the rapamycin-mediated inhibition of Tsc1-null MEF cells in a xenograft tumor model
We evaluated the efficacy of combining rapamycin and MK-2206 in a subcutaneous TSC xenograft mouse model. 4.0×10 6 Tsc1 -/-MEF cells were injected subcutaneously into the axillary fossa of BALB/c-mice (n = 5 per group). After establishment of palpable tumors, the mice were randomly assigned to four groups with rapamycin, MK-2206 alone or together for 17 days. Rapamycin and MK-2206 alone or in combination did not alter the body weight. A two-way repeated ANOVA test did not reveal a difference in treatment (F (3, 16) = 0.918) and treatment × time interaction (F (24, 128) = 1.42, P = 0.11) (Fig. 4A) . Rapamycin and MK-2206 treatment significantly altered the tumor weight (F (3.16) = 151, P < 0.01). Post hoc Bonferroni's multiple comparison showed that combination of rapamycin and MK-2206 significantly decreased tumor weight compared to control, rapamycin only and MK-2206 only groups (P < 0.01) (Fig. 4C) .
Both rapamycin and MK-2206 treatments significantly altered tumor size. A two-way ANOVA test revealed a significant main effect of treatment (F (3,144) = 72.90, P < 0.01), time (F (8,144) = 101.38, P < 0.01) and treatment × time (F (24, 144) = 9.26, P < 0.01). Post hoc Bonferroni's multiple comparison showed that combination of rapamycin and MK-2206 significantly decreased tumor size compared to controls, rapamycin only and MK-2206 only groups (P < 0.01) (Fig. 4D) . 
Discussion
Loss-of-function mutations of the TSC1 or TSC2 genes cause the development of TSC and hyperactivation of mTORC1 is the primary change of TSC, Tsc1-or Tsc2-null MEF cells and control cells are widely used as cell models in the research of TSC and mTORC1 signaling [25] [26] [27] . Analyzed Tsc1-and Tsc2-null MEF cells, we found that cells lacking Tsc1 or Tsc2 showed a decreased sensitivity to MK-2206, while ectopic expression of myrAkt-1 restored MK-2206 sensitivity in Tsc1 or Tsc2-deficient MEF cells. Furthermore, an enhanced anti-cell proliferation effect was found in cells treated with a combination of MK-2206 and rapamycin via apoptosis in vitro. The in vivo antitumor growth effect was also increased in MEFs treated with a combination of MK-2206 with rapamycin. Therefore, the results of our study suggest that co-administration of MK-2206 and rapamycin may represent a novel strategy for the treatment of TSC and other related tumors.
MK-2206 showed great inhibited effect on tumor cell growth in many types of cancers [23, 28, 29] . In a phase I study of solid tumors, MK-2206 have demonstrated anti-proliferative activity as a single agent or in combination with other agents [30] . However, to our knowledge, there is no report about whether MK-2206 could be used for the treatment of TSC. In the current study, we evaluated the inhibitory effects of MK-2206 on the proliferation of Aberrant activation of mTORC1 is considered to be the main reason of TSC tumor formation. Thus, rapamycin and its analogues have been suggested to be potential drugs for the treatment of TSC and other related cancers [31, 32] . For example, everolimus, a rapamycin analog, has recently been approved for treatment of subependymal giant cell astrocytomas (SEGA) and angiomyolipomas (AML) growth in TSC patients [33] . There has been similar approval for treatment of other TSC-related tumors with rapamycin analogs, such as LAM [34] and angiofibromas [35] . Although everolimus have proven efficacy in decreasing tumor growth for SEGA and AML in TSC patients, a potential limitation is the ill-defined duration of therapy. Cessation of treatment seems to result in tumor regrowth indicating that mTOR inhibitors alone are not ideal cures for TSC tumors. One explanation of this limitation is that rapamycin activates Akt. On the other hand, as an immunosuppressor, significant side effects may occur with rapamycin, including chronic immunosuppression and associated opportunistic infections [36] [37] [38] . Reducing cytotoxicity and increasing treatment efficacy by rational combination of different agents is a commonly used strategy for tumor treatment. Given that rapamycin treatment leads to activation of Akt, it is reasonable to assume that combined administration of rapamycin with Akt inhibitors could help to eliminate the unwanted effects caused by up-regulated Akt activity and improve the antitumor effect of rapamycin in TSC treatment. Strikingly, we observed a strong inhibitory effect on the proliferation of Tsc1-or Tsc2-null MEF cells in vitro and in vivo after combined treatment with rapamycin and MK-2206. As a mechanism, we found that MK-2206 eliminated rapamycin-induced Akt up-regulation and enhanced rapamycin-triggered apoptosis.
In conclusion, our data provide in vitro and preclinical evidence for clinical trials of rapamycin in combination with MK-2206 to improve treatment efficacy in TSC. 
